Darwin Harbour. The results agree well with the ground truth data with an overall classification accuracy of 75% and an area under curve measure of 0.79, and with modelled bed shear stress for the Harbour. Limitations of this technique are discussed with attention to discrepancies between the video and acoustic results, such as in areas where sediment forms a veneer over hard substrate.
Introduction
Managers are often faced with making a myriad of decisions about how best to sustainably manage marine and coastal assets. Many decisions are based on questions such as "where are ecologically significant areas located?"; "what are the potential impacts of proposed coastal developments and how can these be mitigated?"; Abstract Spatial information on the distribution of seabed substrate types in high use coastal areas is essential to support their effective management and environmental monitoring. For Darwin Harbour, a rapidly developing port in northern Australia, the distribution of hard substrate is poorly documented but known to influence the location and composition of important benthic biological communities (corals, sponges) . In this study, we use angular backscatter response curves to model the distribution of hard seabed in the subtidal areas of Darwin Harbour. The angular backscatter response curve data were extracted from multibeam sonar data and analysed against backscatter intensity for sites observed from seabed video to be representative of "hard" seabed. Data from these sites were consolidated into an "average curve", which became a reference curve that was in turn compared to all other angular backscatter response curves using the Kolmogorov-Smirnov goodnessof-fit. The output was used to generate interpolated spatial predictions of the probability of hard seabed (p-hard) and derived hard seabed parameters for the mapped area of
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"what robust monitoring programs are needed to monitor changes over time and thus gauge the effectiveness of management decisions?" To address these types of questions requires a foundation of baseline environmental information, in particular water column characteristics and the character and distribution of seabed substrate types and associated biological communities.
The spatial distribution of seabed habitats and species, and composition of species assemblages at local and regional scales are shaped by physical and chemical environmental characteristics, such as temperature, salinity, water depth, light availability, current strength (bed shear stress), sediment texture and composition, and geomorphology (e.g. Gray 1974; Guisan and Zimmermann 2000; Kostylev et al. 2001; Brown and Collier 2008) . Furthermore, the presence of species-rich areas and biodiversity hot spots is often associated with habitat heterogeneity, substrate characteristics and topographic complexity (e.g. Ke et al. 1994; Green et al. 1998; Peterson et al. 1998; Garza-Perez et al. 2004; Beaman et al. 2005; Post et al. 2006; Wedding et al. 2008; McArthur et al. 2010; Guevara-Fletcher et al. 2011; Nichol et al. 2012; Przeslawski et al. 2011 Przeslawski et al. , 2015 . In particular, hard seabed areas, either as exposed rock or sediment veneer overlying rocky substrates, provide habitat for distinct benthic communities and are often more species diverse compared to adjacent unconsolidated or flat seabed (Banks et al. 2008; McArthur et al. 2010) .
Hard substrate with its physical complexity, stability and associated interaction with bottom currents provides habitat and food for sessile biota and a range of other organisms (Greene et al. 2007; Kracker et al. 2008; Wedding et al. 2008) . It also offers refuge from predators and settlement surfaces not available on flat seabed (Reise 1981; Tsuchiya and Nishihira 1986; Nakamura and Sano 2005; Callaway 2006 ), provides habitat structure for juvenile and adult animals (Kostylev et al. 2003) and influences foraging patterns (Erlandsson et al. 1999) . To facilitate mapping of hard substrates, reproducible seabed classification methods are needed. Geophysical datasets such as multibeam sonar bathymetry and backscatter can be employed to identify and map these potentially biologically-important seabed types. Multibeam bathymetry data have been extensively used to provide spatially continuous variables that describe the morphology of the seabed, which have in turn been used as surrogates of biodiversity (Harris 2012; examples in; Harris and Baker 2012) . Seabed parameters that can be derived from multibeam backscatter data are also widely utilised. For example, finer-grained (muddy) sediments generally produce low acoustic returns (backscatter), whereas coarser (sandy) sediments and rock outcrops are more likely to produce higher acoustic returns.
Multibeam sonar instruments acquire co-located seabed bathymetry and backscatter data over port and starboard orientated swath, varying between widths of 120° and 150° (Hughes-Clarke 1994) . Theoretical models and experimental observations demonstrate that acoustic backscatter from the seabed is a complex function of many factors, such as incidence angle, acoustic frequency, roughness scales, grain-size distribution, presence of fauna and flora, biological reworking, and volume reverberation (Jackson et al. 1986 (Jackson et al. , 1996 de Moustier and Alexandrou 1991; Lyons et al. 1994 , APL 1994 Hughes-Clarke 1994; Talukdar et al. 1995; Novarini and Caruthers 1998; Williams et al. 2002; Siwabessy et al. 2006a, b; Fonseca and Mayer 2007; Parnum 2007; De Falco et al. 2010; Gavrilov and Parnum 2010; Hamilton and Parnum 2011; Hasan et al. 2012; Lurton and Lamarche 2015) . Of these factors, the incidence angle is of primary importance, with backscatter strength near the nadir (i.e. at small incidence angles) generally higher than that recorded in the outer swath because of the differences between reflection (near nadir) and scattering (outer swath) (de Moustier and Alexandrou 1991; Ferrini and Flood 2006) . These nadir reflections thus cause difficulty in characterising patterns in seabed substrate. The variation of backscatter values, over a continuous range of incidence angles, is referred to as an angular backscatter response. The angular backscatter response is considered an intrinsic property of the seabed which can be used as a primary means of seabed characterisation (HughesClarke et al. 1997; Canepa and Pace 2000; Parnum et al. 2004 Parnum et al. , 2006 Fonseca and Mayer 2007; Gavrilov and Parnum 2010; Hamilton and Parnum 2011; Huang et al. 2013 Huang et al. , 2014 Daniell et al. 2015) . For instance, sand-covered and mud-covered seabed show a rapid decrease in the backscatter strength toward the outer swath angles, whereas dense seagrass beds produces backscatter strength almost independent of the incidence angle (Siwabessy et al. 2006b ).
Angular backscatter response analysis utilises the full response curve to segment the seabed into regions with similar acoustic properties (de Moustier and Matsumoto 1993; Hughes-Clarke et al. 1997; Fonseca and Mayer 2007) . Unlike pixel-based classification methods, angular response analysis is limited to two rectangular footprints on either side of the multibeam swath. Therefore, angular response analysis is most effective where it is valid to assume homogeneity of the seabed in the half-swath width (Hughes-Clarke et al. 1997) . While the angular backscatter response offers greater angular resolution than backscatter mosaics can provide, it is lower in spatial resolution than backscatter mosaics.
Several shape parameters (e.g. slope, intercept and average within a certain domain interval of incidence angles) can be extracted from multibeam sonar angular backscatter response curves as inputs to the models that predict various seabed geophysical properties and substratum types (Fonseca and Mayer 2007; Fonseca et al. 2009; Lamarche et al. 2010; Huang et al. 2013 Huang et al. , 2014 . This prediction approach has shown promise for seabed habitat mapping applications, although it is yet to be tested over a range of benthic marine environments and acoustically complex sediments such as coarse-grained carbonates (Brown et al. 2011) . Hamilton and Parnum (2011) argued that the direct clustering of angular backscatter response curves is able to form a standalone, independent map of seabed acoustic properties. The virtues of direct clustering lie in the use of actual angular backscatter response curves and its simple and rapid computation. However, the resultant acoustic classes need extra information to be assigned meaningful seabed types. Huang et al. (2013) , instead, used a supervised approach to directly classify the seabed into various substrate types, based on angular backscatter response curves and ground truth samples. The classification results of their study indicate a moderate to high classification accuracy when this approach is used.
Here, we demonstrate a method for predicting the distribution of hard substrate in a shallow, turbid, macro-tidal embayment using multibeam acoustic data in combination with seabed samples and video images of the seabed. We adopt a supervised approach to the angular backscatter response curves of the half-swath width using the Kolmogorov-Smirnov goodness of fit test. This test has been used in a number of studies involving backscatter strength statistics and their distribution model for different seabed types on multiple incidence angle domains (Jakeman and Tough 1988; Gensane 1989; Stanic and Kennedy 1992; Stewart et al. 1994; Abraham 1997; Dunlop 1997; Lyons and Abraham 1999; Gallaudet and de Moustier 2003; Hellequin et al. 2003; Trevorrow 2004; Parnum et al. 2006; Siwabessy et al. 2006b ). Those studies compared backscatter intensities from different seabed types on different incidence angle domains to theoretical distribution models such as Rayleigh, Rayleigh mixture, K, γ and log normal distributions. Stanic and Kennedy (1992) and Siwabessy et al. (2006b) observed in their data the log-normal distribution models for large incidence angles, whereas Lyons and Abraham (1999) observed K-distribution and Rayleigh mixture distribution models for all incidence angles. Lyons and Abraham (1999) and Gallaudet and de Moustier (2003) , however, found that the backscatter statistics showed statistical distributions with heavier tails and multiple modes. In contrast, here we compare backscatter intensities at full incidence angles of a known seabed type to backscatter intensities at full incidence angles of all the other seabed types within the survey area.
The objective of this paper is to introduce a new technique to reliably predict "hard seabed" using a standalone application of a backscatter product, namely angular backscatter response curves. We are aware of other methods using multiple predictive parameters derived from not only backscatter but also bathymetry, as reported in other studies (Huang et al. , 2014 Li et al. 2013 Li et al. , 2016 Siwabessy et al. 2013; Daniell et al. 2015) . The focus here is on demonstrating the utility of angular backscatter response as a dataset on its own.
Study area
Darwin Harbour is a tropical estuary formed within a drowned river valley, located on the northern coast of Australia (Fig. 1) . The estuary comprises a main channel and three elongate arms: West Arm, Middle Arm and East Arm (Andutta et al. 2013) . The Elizabeth River flows into East Arm, while the Darwin/Berry and Blackmore Rivers flow into Middle Arm. West Arm is without a prominent river. Subtidal areas of Middle Arm and East Arm are characterised by meandering channels, mid-channel sand bars and reefs, with intertidal areas occupied by broad flats, sand banks, reefs and mangrove forest (Fortune 2006; Smit et al. 2012) . Within these two arms, it is estimated that within the open water areas (non-mangrove environment), subtidal and intertidal mobile sediments are the dominant substrate (45 and 37%, respectively); subtidal reefs are more extensive than intertidal reefs (10 and 2%, respectively) and within the non-photosynthetic zone, hard substrates occupy over a third of the available substrate (38%) (Smit et al. 2012 ). The seabed morphology of the main harbour area is dominated by a large channel and adjacent shore platforms and subtidal flats . Between Mandorah and East Point, at the boundary between the outer harbour and the inner harbour, the main channel is up to 37 m deep (Figs. 2, 11) . Maximum water depths are 27, 32 and 24 m in the West, Middle and East Arms, respectively. Channel widths range from 0.1 km in the Arms to ~1.2 km in the central channel. The nearshore habitats and coastline are predominantly sandy beaches with rocky headlands and sand flats with fringing rocky reefs.
The Darwin coastal region is macrotidal, having a maximum tidal range of 7.8 m, and mean spring and neap tidal ranges of 5.5 and 1.9 m, respectively (Woodroffe et al. 1988; Andutta et al. 2013) . Tides dominate sediment transport, with tidal currents up to 2.5 m s −1 , while the effects of wind-driven currents, waves and river discharge appear negligible for sediment movement (Andutta et al. 2013) . Turbid plumes can extend over wide areas of the harbour.
In middle Darwin Harbour, the main channel incises two adjacent Proterozoic bedrock units, the Welltree Metamorphics (gneiss) on the western side and the Burrell Creek Formation (shale, siltstone, sandstone) on the east (Northern Territory Geological Survey 1988). These are, in turn, overlain by Cretaceous sediments (clayey sandstone, sandy claystone, siltstone) of the Darwin Member of the Bathurst Island Group. Locally, these rocks variously form the headlands, shore platforms and reefs within and around Darwin Harbour.
Methods

Multibeam data acquisition and processing
Data for this study were collected during two surveys: a multibeam mapping survey and a sampling survey. The multibeam survey was undertaken between 24 June and 20 August 2011 on board the M.V. Matthew Flinders (iXSurvey 2011) . A Kongsberg EM3002D 300 kHz multibeam sonar system was used to acquire high-resolution multibeam bathymetry and backscatter data across Darwin Harbour. Multibeam data were recorded using Kongsberg's Seabed Information System (SIS) software. Motion referencing and navigation data were collected with an Applanix Position and Orientation system and a C-Nav GPS system (with a horizontal accuracy greater than ±0.15 m) (for more detail refer to iXSurvey 2011). Multibeam bathymetry data were processed using CARIS HIPS/SIPS v7.1 SP1 software. The processing steps included: the application of algorithms that corrected for tide and vessel pitch, roll and heave and; the use of software filters and a visual inspection of each swath line to remove any remaining artefacts and noisy data (e.g. nadir noise and data outliers). To minimise tidal bursts, a co-tidal solution in Caris TM was used. A high-resolution bathymetry surface (1 m horizontal resolution and a centimetre vertical resolution) relative to the Mean Sea Level (MSL) was created within Caris TM and then exported as an elevation grid (bathymetric map) for analysis.
Multibeam backscatter data were processed using the CMST-GA MB Process v10.10.17.0 toolbox software codeveloped by the Centre for Marine Science and Technology (CMST) at Curtin University and Geoscience Australia (described in Gavrilov et al. 2005a, b; Parnum 2007 ) on the National Computational Infrastructure (NCI) supercomputer at the Australian National University. The processing steps included: removal of the system transmission loss; removal of the Kongsberg's specific angular dependence correction model; calculation of the angle of incidence; correction of the beam pattern; calculation of the angular backscatter response within a sliding window of 100 pings and; removal of the angular dependence and restoration to the backscatter strength at an angle of 40° (Gavrilov et al. 2005a, b; Parnum 2007; Gavrilov and Parnum 2010) . Two processed backscatter datasets were then generated: a backscatter mosaic gridded from the backscatter energy to 1 m horizontal resolution and a set of angular backscatter response curves.
At 40° incidence angle or any incidence angles between 30° and 50°, discrimination across substrate types is the largest (Kloser et al. 2010; Lamarche et al. 2010; Kloser and Keith 2013) . Based on the APL model (APL 1994) , the dynamic range of seabed backscatter at 30 kHz for both consolidated and unconsolidated sediment at 40° incidence angle is 22 dB (Kloser and Keith 2013) . The toolbox calculates two types of surface backscatter coefficients: backscatter intensity derived from the maximum backscatter envelopes, and; backscatter energy derived from the integral of the squared backscatter envelopes. We used the backscatter energy as recommended in Gavrilov and Parnum (2010) and Parnum and Gavrilov (2011) . The surface backscatter coefficient estimated from the backscatter energy is robust concerning the effects of insonification area and beam pattern, and is comparable to instantaneous intensity (Gavrilov and Parnum 2010) . In contrast, the surface backscatter coefficient estimated from the backscatter intensity leads to overestimation of the backscatter strength at large incidence angles of the outer beams when the footprint is much larger than the insonification area (Parnum and Gavrilov 1 3 2011). Both estimates produced by the toolbox reduce the backscatter measurement to one surface backscatter coefficient per beam. Other backscatter processing software such as Geocoder maintain the full record of the backscatter measurements. Although the latter provides higher resolution of the backscatter scatter mosaic than the former, it doesn't significantly improve the classification results for shallow water multibeam systems in comparison to the effort allocated to produce such high resolution backscatter images. However, it does improve results for deep water multibeam systems as the across track distance between adjacent beams is large.
Angular backscatter response curves were calculated using a sliding window during the removal of the angular dependence from the backscatter to produce a consistent backscatter image across the swath for various incidence angles for a homogeneous seafloor. The sliding window approach was based on a 50% overlap in a 1° bin of incidence angle (Gavrilov et al. 2005a, b; Parnum 2007) . Each angular backscatter response curve thus represents the average within the sliding window of 100 pings for each halfswath width. Based on our experience with our shallow water multibeam system, the 100 ping average improves the signal to noise ratio within a reasonable along track distance. The idea is to provide robust statistics within an optimum along track distance so that the along track homogeneity can reasonably hold. The length of the 100 ping average varies between 10 and 40 m depending on the survey speed and water depth. We calibrated the angular backscatter curves using sediment grain-size data and underwater video observations at stations where the derived bathymetry indicated a flat and sand-covered seabed. For each of these stations, an angular backscatter response curve was derived from the grain-size data using the APL seabed scattering model (APL 1994 ) and used to remove any residuals observed in the measured curves.
Seabed sample acquisition and processing
The seabed sampling survey, which included sediment sampling and underwater video capture, was undertaken between 17 and 22 June 2013 on board the M.V. John Hickman (Fig. 2) . Sediment samples were collected using Van-Veen and Shipek sediment grabs. Video footage of the seabed at most sampling locations was obtained simultaneously using a real-time underwater video camera system mounted on the grab sample wire. The sampling locations were selected using a randomly stratified design based on backscatter values and depth range. The unsupervised ISO Clustering technique was used to divide the study area into five seabed classes based on the backscatter mosaic at the incidence angle of 40° and the bathymetry data. As a result, the five seabed classes which have distinct backscatter and bathymetry characteristics can be assumed to represent different habitat types. Between 6 and 14 sites were then randomly selected from each of these five seabed classes across the study area as the sampling locations for the collection of sediment and video data. Sediment samples were analysed in Geoscience Australia's laboratory to produce sieve grain-size and laser grain-size distributions, and calcium carbonate content.
Seabed video analysis adopted a similar method to that described in Buhl-Mortensen and Buhl-Mortensen (2004) and Li et al. (2013) , to characterise the local-scale sediment type and geomorphology. Continuous video footage was characterised for seabed substrate type and morphology (e.g. bedform and relief) based on 15 s sequences at 30 s intervals along each transect. Substrate type (e.g. boulder, cobble, pebble, granules, sand, and mud) was estimated as percentage cover to a precision of 10% (0, 10, 20…100%) using the Wentworth scale (Wentworth 1922) and geomorphology was defined as local "vertical relief" [e.g. flat (0-0.3 m), low (0.3-1 m), moderate (1-3 m)] and "bedform" type (e.g. ripples, waves, bioturbation) following Anderson et al. (2007) . Substrate type was further modified based on the presence of sessile biota. Thus, if a majority of the 15 s footage sequence appeared to contain soft sediment, but the seabed supported biological entities that require hard substratum to grow, then the proportion of sediment covered with biota was classified as a sediment "veneer". A qualitative assessment of substrate hardness (i.e. "hard" and "soft") was also derived from the seabed video footage and used to validate continuous multibeam data at a local scale. Thus, the hard seabed class was defined if rock, boulders, cobbles, pebbles, granules and/ or "veneer" were identified in either primary or secondary substrate types, whereas the "soft" class was identified if sand and mud was found in both primary and secondary substrate types.
Data integration: probability of hard seabed
The angular backscatter response curve data were analysed against the "hard" class derived from the seabed video characterisations to produce a dataset that indicated areas of "hard" seabed. The resulting curves from three training sites were consolidated into an "average curve", which became a reference curve of "hard" seabed. The average curve was compared to all other angular backscatter response curves using the Kolmogorov-Smirnov goodness of fit test to estimate the probability of the "hard" seabed (p-hard) and to test the null hypothesis at α = 0.05 (H 0 : all other angular backscatter response curves ≥ the reference angular backscatter response curve). "Mixed patches" become irrelevant here for a binary class solution because they will be allocated to either "hard" seabed class or not, depending on the proportion of "hard" seabed that contributes to the average angular backscatter response curve of the patch. Finally, the Inverse Distance Weighted and Nearest Neighbour interpolation techniques were used to produce continuous layers of the p-hard and derived hard seabed parameters for the mapped area of Darwin Harbour, respectively.
Accuracy assessment
The accuracy assessment for seabed mapping was conducted on the reference data taken from the original dataset that has not been used as training data, following Diesing et al. (2016) . The performance of the prediction map was assessed using the overall accuracy, and producer's and user's accuracies derived from a confusion matrix, also known as a contingency table (Congalton 1991) . The confusion matrix contains a tally of agreement between predicted and reference data at test sample sites, excluding the three training sites. The producer's accuracy is a measure of omission error, indicating the probability of a reference (ground) sample being correctly classified. The user's accuracy is a measure of commission error and is indicative of the probability that a sample from the classified map correctly represents that category on the ground. The overall accuracy is the percentage of the ground samples being correctly classified.
As it is advisable to provide other measures of accuracy in addition to the confusion matrix (Stephens and Diesing 2014; Diesing et al. 2016) , we used the area under curve (AUC) statistic (Fielding and Bell 1997) at test sample sites, excluding the three training sites. The AUC is independent of prevalence of the classes in the samples (Bradley 1997) and thus is often used to assess the performance of binary prediction. The AUC is estimated from the receiver operating characteristic (ROC) plot, showing the true positive fractions as a function of their false positive fractions. The value varies from 0 to 1 with a value of 0.5 indicating the prediction is no better than random; a value of 0.7 indicating 70% of the time a random section from the positive group will have a score greater than the negative group; and a value of 1 indicating perfect discrimination.
Bed shear stress
Tidal currents have been measured previously at many locations in Darwin Harbour to calibrate and verify a detailed hydrodynamic model (Williams et al. 2006 ). Here we use outputs of that model to calculate the bed shear stress over the harbour domain using the RMA suite of numerical hydrodynamic models for estuaries (King 2016) . The shear stress data were used to indicate where in the area mapped it was likely that sediment on the seabed was mobile. This information helps identify areas that may be intermittently covered by sediment or scoured down to bedrock.
Results
Seabed morphology
A total of 178 km 2 of multibeam bathymetry data was acquired, showing that the seafloor of Darwin Harbour is complex and irregular with water depths varying between 1 and 43 m (relative to MSL; Fig. 3 ). Primary geomorphic features include channels, banks, ridges and plains. The predominant feature of the area is a 40 m deep mid-harbour channel that splits into narrower and shallower (9-20 m deep) channels. These channels are flanked by plains (3-5 m water depth) that extend to the intertidal zone and near shore of Cullen Bay and Fannie Bay. Ridges and banks form localised shoals that rise to less than 3 m water depth, such as in outer Fannie Bay, west of the harbour channel entrance and in between West and Middle Arms, and have typically steep flanks and walls (10°). The mid-harbour and Middle Arm channels and the ridge near Fannie Bay display a more rugged seabed then shallow plain areas that are typically flat.
Multibeam backscatter
Backscatter strength ranged between −1 and −63 dB (Fig. 4) . High backscatter is typically associated with raised seabed features, such as banks and ridges, while lower backscatter is associated with soft sediments mostly within channels, depressions and plains (Figs. 4, 5 ). This contrast is well illustrated by the sandy plain area within Cullen Bay and Fannie Bay where backscatter strength is low (mean ~−27 dB), and the ridge to the west where backscatter is much higher (mean ~−8 dB). Similarly, areas of shallow reef and a large bank at the central western end of the Harbour have high backscatter strength (mean ~−15 dB).
The angular backscatter response for the Darwin Harbour dataset is summarised in a density plot that represents 219,518 response curves (Fig. 6 ). The density plot shows a significant range in the response curves of approximately 20 dB across the range of incidence angles with a maximum angular response of 69° for each side of the swath.
Underwater video characterisations
Seabed video characterisations correlated with backscatter strength and p-hard but are not strongly correlated with bathymetry (Fig. 7) . Results from t test statistics suggested that the mean backscatter of the two video classes is significantly different at α = 0.01 (p = 0.0044). Similarly, the 1 3 The p-hard has the lowest probability indicating that the two video categories are well discriminated by the p-hard. Soft seabed substrates were recorded in areas of low backscatter strength such as plains and channels, while hard seabed substrates occurred in areas of high backscatter strength, such as banks, ridges and more rugged seabed features. However, there were some discrepancies between the video characterisation, backscatter strength and grain-size composition at some locations. For example, three stations located in the main channel were classified as dominantly hard seabed based on the epifaunal biota such as large barrel sponges and dense gorgonian beds observed in video footage, but recorded low backscatter strength and high mud composition for the other datasets. These Fig. 8 False colour probability of hard substrate (p-hard parameter) for Darwin Harbour seabed overlayed with a hillshade bathymetry (as per Fig. 3) 1 3 sites were therefore classified as "mud veneer" (Figs. 8,  9 ) within 30-35 m water depth and backscatter less than −22 dB (Fig. 9) . Conversely, soft-dominated seabed types were associated with high backscatter strength and high sand composition at several sites (e.g. the plains in Fannie Bay, between East and Middle Arms, and between Middle and West Arms) (Figs. 8, 9 ). These areas were therefore classified as "sand veneer".
Probability of hard seabed and derived hard substrate maps
Areas of high probability of hard seabed (p-hard) and predicted hard seabed as derived from the null hypothesis H 0 test in Darwin Harbour are patchy and localised to narrow areas alongside channels and on banks and ridges (Figs. 8,  10 ). They occupy a total area of 41 km 2 , which represents 23% of the total area mapped (Fig. 10) . Bathymetric crosssections of the harbour, both in the central region and towards the mouth, confirm that high p-hard values are generally associated with banks, ridges and other elevated geomorphic features as well as the sand-veneered seabed identified within the shallow sandy plain (Figs. 11, 12) . The profiles also highlight the positive association between p-hard and high backscatter strength. Both backscatter products show a pipeline to the north of Wagait Beach, but fail to show other known pipelines in the harbour. This likely indicates that these pipelines may have been buried by mobilised sediment or as they were laid.
The confusion matrix suggests that the overall classification accuracy is 75% and the producer's accuracy for hard seabed is 79%, indicating a near 80% performance accuracy of the hard seabed reference data (Table 1 ). An additional assessment using the AUC suggests that the performance accuracy is 0.79, indicating that 79% of the time a random selection from the positive class have a score greater than a random selection from the negative class. The derived maps show that hard seabed predominantly occurs in five areas (Figs. 8, 10 ): between Stokes Point and Talc Head (34% of the total predicted hard seabed), Wickham Point to East Arm (25% of the total predicted hard seabed), between East Point and Cullen Bay (20% of the total predicted hard seabed), Middle Arm including Jones Creek (13% of the total predicted hard seabed) and Mandorah, between Oak Point and Wagait Beach (9% of the total predicted hard seabed).
Intertidal and subtidal hard seabed substrates were previously mapped by the Department of Land Resource Management (DLRM) of the Northern Territory Government (NTG) in 2011 and manually digitised from low-tide aerial photographs (Fig. 10 ) and are used here as an additional partial validation of the backscatter derived products. Of the 12.53 km 2 of intertidal area mapped from air photos, there was only 0.72 km 2 of overlap with the area mapped in this study. Within this overlap area there was 94% (0.68 km 2 ) agreement with the hard seabed map derived from angular backscatter response data. The subtidal hard seabed map was separately generated independently by DLRM using the benthic position index (Lundblad et al. 2006) , rugosity and slope maps in combination with prior knowledge of the area (Smit et al. 2012) . Of the total study area of 178 km 2 , only 2.02 km 2 (1%) is hard subtidal seabed. Of this, 55% (~1 km 2 ) coincides with the hard/rocky seabed map derived from backscatter data. Most disagreement occurs in the subtidal areas characterised by a "mud veneer" substrate.
Bed shear stress
The velocity of tidal currents in Darwin harbour is energetic with tidal flows of up to 2 m s −1 . However, tidal currents of this magnitude are short lived during a tidal cycle with a maximum duration of 1 h during spring tides. Tidal currents up 1 m s −1 occur for up to 10% of the time for combined neap and spring tide ranges. Modelling of bed shear stress shows distinct variations across Darwin Harbour (Fig. 13) 
Discussion
Model performance and applications
The technique presented in this study is automated and faster than manual mapping techniques used to produce the previous intertidal and subtidal hard/rocky seabed layers of Darwin Harbour, which were time-consuming and relied on expert knowledge. Our results show that this automated approach is able to predict the distribution of hard seabed with relatively high levels of reliability (e.g. 94% agreement with existing seabed maps). This is particularly useful for informing the management of seabed environments such as Darwin Harbour that experience high levels of turbidity and very energetic tidal currents which restrict the application of more traditional benthic habitat mapping approaches. Importantly, mapping the likely distribution of hard seabed can be used to improve the planning of biological surveys and selection of monitoring sites by identifying areas that are potentially ecologically important. For example, coral communities comprised of hard scleractinian coral beds (e.g. Symphyllia and Turbinaria colonies) as well as non-scleractinian calcareous coral species (e.g. Tubipora musica and Junceella fragilis colonies) are generally limited in Darwin Harbour to depths of 10 m and sparsely distributed (Wolstenholme et al. 1997) . Knowledge of the potential distribution of hardground habitat will allow for more effective management and monitoring of these important communities. Angular backscatter response curves are increasingly being utilised in seabed classification and characterisation studies as they intrinsically represent seabed properties in greater angular resolution than backscatter mosaics can provide. This improved resolution in turn allows for better class separation than if a backscatter mosaic alone is used, as this information becomes lost when generating the mosaic for subsequent classification. The use of the response curves as a standalone parameter or together with other parameters is increasing in studies of complex seabeds (Hamilton and Parnum 2011; Huang et al. 2013 Huang et al. , 2014 Li et al. 2013 Li et al. , 2016 Siwabessy et al. 2013; Daniell et al. 2015) . In our previous study, p-hard is identified as the most important standalone predictive parameter for seabed hardness modelling in a turbid, macrotidal environment and is consistent with previous studies that have utilised this parameter in different types of marine environments (Li et al. , 2016 Siwabessy et al. 2013) . Siwabessy et al. (2013) introduced two different techniques for seabed classification; the use of angular backscatter response curves only, and multiple predictors (including p-hard). The use of angular response curves alone resulted in 78% overall classification accuracy in that study, which is comparable to the overall classification accuracy of the present study. However, when multiple predictors were introduced, the accuracy increased to 87%. In a similar study, a higher overall classification accuracy of 89% was obtained with the use of multiple predictors (including p-hard; Li et al. 2016) . This highlights the importance of incorporating other predictors on increasing the overall accuracy for seabed classification.
Model limitations and uncertainties
Angular backscatter response curves are lower in spatial resolution than backscatter mosaics because they are generated by taking the average of a stack of backscatter strength values as a function of incidence angles within a sliding window. In addition, the assumption that the seabed is homogeneous across half of the multibeam swath, as adopted in this study, does not always hold. These uncertainties are propagated to the derived parameters, such as our p-hard and hard seabed map outputs. In addition, to produce a continuous surface map, these two backscatter datasets require spatial interpolation, which also affects the accuracy of the map. However, this is countered somewhat by the densely spaced acoustic pings in this shallow water dataset.
The fact that the angular backscatter response curves were derived from individual sliding windows made it difficult to include textural measures into the seabed classification. Another particular constraint of this study was the limited sampling, including a lack of representative sediment and video samples from channels in the East and Middle Arms of Darwin Harbour. These reaches of the harbour include areas of relatively high bed shear stress (Fig. 13) and their morphology suggests that they have a high probability of being hard/rocky seabed, but this is yet to be validated by field observations. This may explain the low user's accuracies (e.g. 52%) obtained for the hard/rocky seabed type, and points to the utility of the shear-stress model for informing sampling strategies. Nevertheless, the actual prediction map does show that this new approach was able to predict hard/rocky seabed at locations elsewhere where they might be expected to occur.
The validation techniques used here (i.e. underwater video and sediment samples), were successful in delineating clear differences between habitat classes and highlighting areas of soft sediment veneer. Without these validation techniques, areas of veneer would have been misclassified as hard ground based on the backscatter response. However, these techniques provide little (if any) information about the sub-surface deeper than a few decimetres below the surface of the seabed. Penetration of the acoustic signal into sediments depends on sediment type, incidence angles and frequencies (Mitchell 1993; Hillman et al. 2017 ). This becomes more profound for low frequency systems than high frequency systems e.g. 5-30 m for 6.5-12 kHz systems and ~0.5-0.8 m for 100 kHz system in fined-grained sediments at 60° incidence angle (Mitchell 1993) . Clearly, additional sampling or acoustic devices, such as seabed penetrometers or sub-bottom profilers, would further test the model outputs for areas of sediment veneer. The presence of a veneer of sediment over hard seabed and, at least episodically, within epifaunal habitat, is consistent with high levels of bed shear stress (e.g. >0.3 N m −2 ) throughout most of the area mapped (Fig. 13) , which are capable of mobilising all the sediment types sampled (mud to coarse sand).
The discrepancy between the video and the acoustic classification results from Darwin Harbour may also relate to differences in the spatial scale of observations. That is, underwater video data (fine-scale point source at cm resolution) relative to continuously-acquired backscatter data (broad-scale at m resolution) may not always allow for coherent matching of habitat information particularly for fine-scale features detected in video that are simply not resolved in multibeam acoustic data. Additionally, hardpacked/consolidated sediment may result in higher backscatter returns, but may not be able to support epifauna, and would therefore not be classed as a "veneer". It is the hard, shallow sub-bottom underneath a few decimetres or less of sand that returns a high backscatter signal. This becomes a problem where there is no sessile biota observed and the video data fail to distinguish the presence of "sand veneer". Overall, however, the results are consistent with the current state of knowledge on geoacoustics, namely, that most acoustically hard substrates are dominated by hard sediments and rock, whereas most acoustically soft substrates are associated with soft, finer-grained sediments.
The sampling design used in this study was randomly stratified based on backscatter values and depth range. However, for calibrated multibeam systems, it is useful to also generate a predicted p-hard layer based on the theoretical angular backscatter response curve for the "pebbles" sediment class as the minimum threshold for detecting hard substrate. This would more specifically target the potential p-hard layer and capture some of the classification uncertainties, such as "veneer" classes. As discussed previously, "mud veneer" (hard video class, low backscatter strength) or "sand veneer" and areas of hard-packed sediments (soft video class, high backscatter strength) are the most problematic areas to model accurately. To better capture these areas and increase the robustness of the model, we recommend that in future studies, the sampling design also take into consideration manually selected areas based on the morphological characteristics of the seabed. For example, veneers are likely to be located adjacent to hard non-veneer areas and show a relatively smooth surface. In any case, sampling some areas based on their morphology may help resolve the backscatter signals of certain seabed features, such as hard pavement. Finally, in the present study, only sand sediment samples were used to calibrate the angular backscatter response curves. The model robustness could be potentially increased by using all sediment samples across the textural range (mud, sand, gravel) .
Conclusion
This study demonstrates the value of multibeam acoustic data to objectively predict the spatial distribution of seabed hardness over large areas. Angular backscatter response data provide significantly more information than single normalised backscatter values. Importantly, utilising the full angular backscatter response preserves the acoustic properties of the seabed and can successfully delineate hard from soft seabed. This is a particularly important technique in high-turbidity, high-current settings such as Darwin Harbour, where the application of diver surveys and satellite and aerial remote sensing techniques can be very limited and costly.
This study confirms the strong positive relationship between backscatter strength, angular backscatter response and seabed hardness, whereby acoustically hard areas are dominated by hard/rocky seabed and relatively coarse sediments, and acoustically soft seabed dominantly comprise soft and muddy sediments. Importantly, the p-hard and hard/rocky seabed maps describe key physical environmental characteristics of the harbour that can be used to predictively model biodiversity, indicate the potential locations of biologically important areas, and usefully inform subsequent surveys that aim to target a range of benthic habitats and biological communities.
